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ABSTRACT
Translation initiation on most eukaryotic mRNAs
occurs via a cap-dependent scanning mechanism
and its efficiency is modulated by their
50-untranslated regions (50-UTR). The human im-
munodeficiency virus type 1 (HIV-1) 50-UTR
contains a stable TAR hairpin directly at its 50-end,
which possibly masks the cap structure. In addition,
the 50-UTR is relatively long and contains several
stable RNA structures that are essential for viral
replication. These characteristics may interfere
with ribosomal scanning and suggest that transla-
tion is initiated via internal entry of ribosomes.
Literature on the HIV-1 50-UTR-driven translation ini-
tiation mechanism is controversial. Both scanning
and internal initiation have been shown to occur in
various experimental systems. To gain further
insight in the translation initiation process, we
determined which part of the 50-UTR is scanned.
To do so, we introduced upstream AUGs at
various positions across the 50-UTR and determined
the effect on expression of a downstream reporter
gene that was placed under control of the gag start
codon. This strategy allowed us to determine the
window of ribosomal scanning on the HIV-1 50-UTR.
INTRODUCTION
Human immunodeﬁciency virus type 1 (HIV-1) particles
contain two identical full-length positive-strand RNA
molecules as genome. The full-length RNA not only
serves as the viral genome, but also functions as an
mRNA to encode the Gag and Gag-Pol polyproteins.
The highly structured 50-UTR is the most conserved part
of the HIV-1 genome and is involved in several steps of the
viral replication cycle (1). Distinct functions have been
assigned to individual sequence and/or structure motifs
(presented in different colours in Figure 1A). The 50-
UTR starts with the stable TAR and the polyadenylation
(polyA) hairpins. The well-characterized TAR hairpin
mediates transcription activation by binding the viral
Tat protein and the cellular protein cyclin T (2–10). The
polyA hairpin inhibits premature polyadenylation of the
nascent RNA by masking the AAUAAA polyadenylation
signal (11,12). The U5 region is located downstream of the
polyA signal and contains important signals for reverse
transcription, such as the primer binding site (PBS) and
the primer activation signal (PAS) (13). Additional motifs
are located further downstream in the 50-UTR. These
include the RNA dimer initiation signal (DIS), the
major splice donor site (SD) required for the generation
of subgenomic mRNAs and the RNA packaging signal
() (14–22). Previous work identiﬁed an evolutionary
conserved long-distance interaction between U5 sequences
and the Gag initiation codon known as the U5-AUG
duplex (23,24). This duplex does not modulate the level
of HIV-1 mRNA translation (25), but affects RNA dimer-
ization and packaging into virus particles (26,27).
The high structural complexity in the 50-UTR is
expected to interfere with the efﬁciency of one very im-
portant step of the viral life cycle: protein synthesis.
Translation initiation on eukaryotic mRNAs is generally
initiated by ribosomal scanning [reviewed in ref. (28)].
In this process, translation initiation factors interact
with the 40S ribosomal subunit and the mRNA 50-cap
structure. Subsequently, the ribosomal subunit migrates
along the 50-UTR, until it encounters a favourable AUG
start codon that marks the start of an open reading frame
(ORF). Several mRNA features determine translation ef-
ﬁciency: the presence and accessibility of a 50-cap structure
(29–31), the length and secondary structure of the 50-UTR
(31,32) and the nucleotide context of the initiation codon
(33,34). The optimal context of the initiation codon in
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UGG, in which a purine at position  3 and the G at
position +4 are most inﬂuential on translation initiation
efﬁciency (35).
The HIV-1 50-UTR displays several characteristics that
may interfere with efﬁcient scanning and hence translation
initiation. Firstly, secondary structures close to the 50-end
of the message can inhibit translation initiation (30,36).
The 50-cap structure may be inaccessible to 40S ribosomal
subunits due to the TAR and polyA hairpins at the 50-end
of the RNA (Figure 1) (30,31,37). Disruption of the TAR
hairpin stimulated translation efﬁciency up to 190-fold
(30), indicating that the intact TAR hairpin strongly
inhibits translation. Second, the 50-UTR of 335nt is rela-
tively long and highly structured (18,23,24,38–40).
Obviously, viral replication occurs in spite of these
Figure 1. Insertion of uAUGs in the HIV-1 50-UTR. (A) The full-length HIV-1 50-UTR encompasses nt+1 to+335 of the HIV-1 genomic RNA and
harbours several structure and sequence motifs that are essential for viral replication. The RNA structure model was published previously (24). The
regulatory motifs are marked in colours and further explained in the text. An asterisk indicates the Gag start codon. Red ﬂags indicate where uAUGs
or UAGs are inserted. The insertions are indicated A1–A8 for the uAUG insertions. The uAUG insertions are shown in detail next to the RNA
structure model; the ﬂanking Kozak sequences are underlined. The nucleotide position of the 50-UTR is indicated and red nucleotides indicate the
insertions whereas the boxed nucleotide indicates a mutation. (B) The luciferase reporter construct is shown with the 50-LTR promoter elements U3,
R and U5; nt positions of transcription start site (+1) and the Gag coding sequences are shown. The reporter constructs encode a fusion protein of
the Gag N-terminal 25 amino acids and the ﬁreﬂy luciferase protein. As a result of the cloning strategy, the original AUG start codon that marks the
beginning of the luciferase open reading frame (AUG
Luc) is in frame with the Gag start codon (AUG
Gag).
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Gag structural proteins are expressed from the viral RNAs
that contain the full-length 50-UTR.
It has been suggested that the HIV-1 RNA contains an
internal ribosomal entry site (IRES) downstream of these
inhibitory structure motifs (41,42). IRES elements were
initially described in picornaviruses and have since been
identiﬁed in many viral and cellular mRNAs (43–47).
IRES elements usually function under circumstances in
which regular cap-dependent scanning is impaired, for
example, following expression of a viral factor or in
response to cell stress signals, such as cell-cycle arrest or
heat shock (48,49). In fact, HIV-1 has been suggested to
modulate host cell translation. The viral protease may
cleave the translation initiation factor eIF4GI, which is
essential for cap-dependent translation initiation (50–53).
In addition, the viral Vpr protein causes a G2/M cell cycle
arrest (54–57), which is essential for optimal viral replica-
tion and which may affect translation efﬁciency in general
(58,59). Thus, the presumed HIV-1 IRES was suggested to
allow optimal viral gene expression under these
scanning-impaired conditions (41). It has been reported
though that the host shut off observed during HIV infec-
tion is caused mainly by degradation of cellular mRNAs
and less so by impairment of their translation (60).
The mechanism of HIV-1 translation initiation remains
under debate (61). Potential IRES elements have been
identiﬁed in the 50-UTR and Gag sequences (41,42). In
the latter case, ribosomal scanning in the 30–50 direction
was proposed to allow synthesis of the Gag and Gag-Pol
proteins from the upstream Gag start codon. The two
studies seem to contradict each other: the Brasey paper
described no IRES activity in the Gag ORF and the
Buck paper did not ﬁnd such activity in the 50-UTR.
Moreover, other groups have not been able to conﬁrm
either data (62,63).
We used a different approach to gain further insight
into the translation initiation mechanism on HIV-1
mRNAs. We addressed ribosomal scanning in the
50-UTR by introducing upstream AUGs (uAUGs).
Scanning ribosomal 40S subunits will recognize the
uAUG if scanning initiated upstream. Translation will
commence on the introduced ORF followed by ribosomal
release. When scanning occurs over the entire 50-UTR,
translation from the downstream authentic Gag start
codon will be reduced irrespective of the location of the
introduced uAUG codons (Kozak, 1984). In the case that
HIV-1 50-UTR harbours an IRES, the introduced uAUGs
will affect gene expression only if they are located down-
stream of the IRES, similarly as was shown for
picornaviruses (64–66). By placing uAUG codons at dif-
ferent positions across the 50-UTR, the window of riboso-
mal scanning and the position of a putative IRES element
can thus be determined.
MATERIALS AND METHODS
DNA constructs
The plasmid pLTR-gag-ﬂag-luc was used for HIV-1
50-UTR mutagenesis (25). The protein expressed from
this luciferase reporter is a fusion product of the
amino-terminal 25 Gag amino acids, the Flag peptide
and the ﬁreﬂy luciferase protein. Protein expression is
under control of the HIV-1 LAI 50-LTR promoter and
50-UTR sequences. To optimize cloning procedures we
deleted the Flag sequences and the NcoI site at the
luciferase start codon with a polymerase chain reaction
(PCR) on pLTR-gag-ﬂag-luc with primers TA033 and
TA056 (Table 1). The PCR fragment was digested with
HindIII and BspHI and ligated in the HindIII–
NcoI-digested pLTR-gag-ﬂag-luc. This PCR mutagenesis
created a SalI site upstream of the luciferase initiation
codon and generated the plasmid pLTR-25-gag-luc that
was used for subsequent mutagenesis. uAUG and
uUAG mutations were introduced by PCR mutagenesis.
Oligonucleotide primers are listed in Table 1. Forward
primers were used in combination with TA056 and
reverse primers with TA033. PCR products were used as
overlapping templates in a PCR reaction with primers
TA033 and TA056. The resulting PCR products were
digested with HindIII and SalI, cloned into the
pLTR-25-gag-luc vector and sequenced. The constructs
with eight individually inserted uAUG codons were
designated A1–A8 and those with a stop codon at the
same position U1–U8.
The constructs A1–A5 and A2–A5 were created by di-
gesting the A1, A2 and A5 luciferase constructs with NcoI
and SalI. The A5 fragment was cloned into the A1 and A2
vectors to construct A1–A5 and A2–A5, respectively. The
U1–U5 and U2–U5 were created similarly with the U1,
U2 and U5 constructs; however, digestions were per-
formed with AvrII and SalI. The construct A2LF was
created by PCR mutagenesis using primers TA110 and
TA056, and pLTR-25-gag-luc as the template, resulting
in the insertion of a G residue at position 124 of the
HIV-1 leader sequence. The PCR fragment was digested
with NcoI and SalI, and ligated into pLTR-A2-25-gag-luc
as described above. The U2-LF control construct was
created similarly using primers TA231 and TA056 in the
PCR and HindIII and SalI as restriction sites for further
construction. The insertional mutagenesis was conﬁrmed
by sequence analysis for all constructs.
Plasmid pRL-CMV expresses the Renilla luciferase
reporter gene under the control of the CMV promoter
(Promega). pcDNA3-Tat (67) expresses the HIV-1 LAI
Tat protein under the control of the CMV promoter and
is a derivate of the pcDNA3 vector (Invitrogen). The
HIV-1 molecular clone pLAI has been described previous-
ly (68).
Cell culture
C33A cells, a human cervix carcinoma cell line, were
grown in Dulbecco’s MOD Eagle medium (DMEM) sup-
plemented with 10% FBS, non-essential amino acids
(Invitrogen), 20mM glucose, 100U/ml penicillin and
100mg/ml streptomycin at 37 C and 5% CO2.
Transfection assays
Reporter gene expression driven by the wild-type (wt) and
mutant 50-UTR was analysed in C33A cells. Cells were
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with calcium phosphate-precipitated luciferase con-
structs in the presence of pcDNA3-Tat or pcDNA3
(67,69). pRL-CMV expressing Renilla luciferase was
co-transfected as internal control. pBlueScript was used
to make a total amount of 1mg DNA for each transfec-
tion. Cells were washed with PBS 2 days after transfection
and lysed in 125ml of passive lysis buffer provided by the
Dual-luciferase Reporter Assay System (Promega).
The ﬁreﬂy and Renilla luciferase activity was determined
according to the manufacturer’s protocol. The ﬁreﬂy
luciferase activity was normalized to the Renilla luciferase
activity.
RNA quantiﬁcation
C33A cells were transfected at 50% conﬂuence in a 6-well
plate with 3mg CaPO4-precipitated luciferase reporter
construct as described. Two days post-transfection RNA
was isolated with Trizol as described by the manufacturer.
The RNA pellet was dissolved in 50mlH 2O and DNase
treated with 1ml Turbo DNase (Ambion) for 30min at
37 C. The reaction was stopped by phenol/chloroform ex-
traction with subsequent ethanol precipitation. The RNA
was dissolved in 25mlH 2O and analysed and quantiﬁed on
an ethidium bromide-stained agarose gel (1.5%).
Primer extension reactions were performed on equal
amounts of total RNA. The oligonucleotide primer
R368 (50-TCCCCCGCTTAATACTGACGCT) was
end-labelled with [g-
32P]-dATP using T4 polynucleotide
kinase for 2h at 37 C and puriﬁed using NucAway
spin columns (Ambion). Subsequently, the primer was
annealed to the RNA and reversed transcribed with
Thermoscript reverse transcriptase (Thermoscript kit,
Invitrogen). The reaction was stopped with 7mlo f1 M
NaOH for 15min at 70 C and subsequent neutralization
with 7ml of 1M HCl. The cDNA products were
ethanol-precipitated, dissolved in formamide-containing
loading buffer and applied to a denaturing polyacrylamide
gel. Products were analysed using a PhosphorImager
(Molecular Dynamics).
Sodium dodecyl sulphate–polyacrylamide gel
electophoresis and western blot analysis
After determining the ﬁreﬂy and Renilla activities in
lysates from transfected cells, equal amounts of Renilla
luciferase activity were applied to a 12% sodium dodecyl
Table 1. Oligonucleotide primers used for the HIV-1 50-UTR mutagenesis
DNA Primer Primer sequence 50!30
wt TA033 CCCCTCGAGTAATACGACTCACTATAGGGTCTCTCTGGTTAGACC
wt TA056 GGGTCATGAGTCGACCCCCTGGCCTTAACCG
A1 r TA057 GGCCATGGTTCCCTAGTTAGCCAG
A1 f TA058 AGGGAACCATGGCCACTGCTTAAGCCTCA
A2 f TA059 AATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGACCATGGCGTCTGTTGTGTGACTCTGG
A3 r TA060 AAAAGCCATGGTCTGAGGGATCTCTAGTTACC
A3 f TA061 CAGACCATGGCTTTTAGTCAGTGTGGAAAATC
A4 r TA062 CCCATGGTTTCGCTTTCAAGTCCC
A4 f TA063 GAAAGCGAAACCATGGGAAACCAGAGGAGC
A5 r TA064 GCCCATGGTCGAGAGAGCTCCTCTGGTTTCCC
A5 f TA065 CTCTCGACCATGGGCAGGACTCGGCTTGCTGAAGC
A6 r TA066 ACTCACCAGTCGCCTCCATGGTCCTCGCCTCTTGCCGTGCGC
A6 f TA067 GGAGGCCGACTGGTGAGTACG
A7 r TA068 CCATGGTGGCGTACTCACCAGTCGCCTCCCC
A7 f TA069 GAGTACGCCACCATGGAAAATTTTGACTAGCGGAGGC
A8 r TA070 CTCTCTCCATGGTCCTTCTAGCCTCCGCTAG
A8 f TA071 AGAAGGACCATGGAGAGAGATGGGTGCGAGAGCG
U1 r TA122 GGCCTAGGTTCCCTAGTTAGCCAG
U1 f TA123 AGGGAACCTAGGCCACTGCTTAAGCCTCA
U2 f TA104 AATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGACCTAGGCGTCTGTTGTGTGACTCTGG
U3 r TA232 AAAAGCCTAGGTCTGAGGGATCTCTAGTTACC
U3 f TA233 CAGACCTAGGCTTTTAGTCAGTGTGGAAAATC
U4 r TA234 CCCTAGGTTTCGCTTTCAAGTCCC
U4 f TA235 GAAAGCGAAACCTAGGGAAACCAGAGGAGC
U5 r TA082 GCCCTAGGTCGAGAGAGCTCCTCTGGTTTCCC
U5 f TA083 CTCTCGACCTAGGGCAGGACTCGGCTTGCTGAAGC
U6 r TA105 ACTCACCAGTCGCCTCCTAGGTCCTCGCCTCTTGCCGTGCGC
U6 f TA067 GGAGGCCGACTGGTGAGTACG
U7 r TA084 CCTAGGTGGCGTACTCACCAGTCGCCTCCCC
U7 f TA085 GAGTACGCCACCTAGGAAAATTTTGACTAGCGGAGGC
U8 r TA086 CTCTCTCCTAGGTCCTTCTAGCCTCCGCTAG
U8 f TA087 AGAAGGACCTAGGAGAGAGATGGGTGCGAGAGCG
A2-LF f TA110 AAGTAGTGTGTGACCATGGCGTCTGTTGTGTGGACTCTGGTAACTAGAGATCCC
U2-LF f TA231 CTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGACCTAGGCGTCTGTTGTGTGGACT
CTGGTAACTAGAGATCCC
f=forward, r=reverse primer.
Nucleotide insertions are indicated in bold italics.
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(PAGE) to analyse the ﬁreﬂy luciferase proteins
produced. Proteins were subsequently blotted on a
low-autoﬂuorescence membrane, incubated with a poly-
clonal antibody against luciferase (1:1000) (Promega).
Bound antibodies were visualized with horse radish
peroxidase-linked (HRP) donkey anti-goat IgG and the
ECL+ kit (Amsersham Biosciences). The resulting lumi-
nescent signal was analysed after exposure of the blot to
X-ray ﬁlm for between 10s to 5min.
RESULTS
Design of the uAUG blocks
How translation initiation proceeds on HIV-1 genomic
RNA has thus far not been answered conclusively.
Controversy remains over whether the HIV-1 genomic
RNA contains an IRES element (41,42) or not (62,63).
This prompted us to address this issue from a different
angle. We created a ﬁreﬂy luciferase reporter construct
with the HIV-1 genomic 50-UTR including the Gag start
codon. Luciferase gene expression is driven from the
HIV-1 LTR promoter, which can be enhanced by the
addition of the viral Tat protein. The constructs contain
the 50 75nt of the Gag ORF fused to the luciferase ORF,
which allows the formation of long distance interactions
between sequences in the 50-UTR and Gag ORF (24). As a
consequence, the reporter constructs contain two in frame
start codons: AUG
Gag and AUG
Luc (Figure 1B). This
allowed the detection of ribosomes that scan past the
Gag start codon. We subsequently introduced uAUG
blocks at eight positions in the 50-UTR (A1–A8; indicated
with red ﬂags in Figure 1A). In the case of scanning, these
uAUGs will reduce the expression of the downstream
reporter gene, since the authentic start codon will not be
reached by the scanning ribosome. However, if the
uAUGs are inserted upstream of an active IRES element
they will not affect gene expression. The inserted uAUGs
were ﬂanked with the consensus Kozak sequence (ACCA
UGG) to allow optimal recognition by scanning riboso-
mal subunits. Wild-type (wt) HIV-1 nucleotides were used
where possible to create the Kozak consensus, thus
minimizing the number of inserted nucleotides (marked
in red in Figure 1A). A single nucleotide was mutated in
the A2 construct to comply with the  3 purine require-
ment (indicated with a black box in Figure 1A). We
introduced the uAUG blocks in regions of the 50-UTR
predicted to be single stranded in order to minimize dis-
ruption of the RNA structure, except for A2, in which the
U5-AUG duplex is likely affected. However, ablation of
this structure does not affect translation (25).
Introduction of uAUGs affects Gag translation in
a site-speciﬁc manner
To rule out that the uAUG insertions affected LTR-
driven transcription and/or RNA stability in our test
system, we ﬁrst determined the luciferase mRNA levels
in C33A cells transfected with the wt and mutant
reporter constructs (Figure 2). Total RNA was isolated
2 days after transfection and the luciferase mRNA was
reverse transcribed with a
32P end-labelled oligonucleotide
primer that anneals to the gag coding sequence. The
radio-labelled cDNA products were run on a denaturing
sequence gel (Figure 2A). A modest decrease in mRNA
levels was observed for the mutants A1–A6, but the
Figure 2. Luciferase mRNA levels are not signiﬁcantly affected by the uAUG insertions. Wild-type (wt) and mutant constructs were transfected into
C33A cells, total RNA was isolated and subjected to primer extension reactions. cDNA products were analysed on a denaturing polyacrylamide gel
(panel A) and quantiﬁed (panel B). The wt mRNA level was set at 1. A representative of two independent experiments is shown. The error bars
indicate standard deviation.
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mRNA level after quantiﬁcation of several independent
assays (Figure 2B). Therefore, the luciferase mRNA
levels were not signiﬁcantly affected by the introduction
of the uAUGs, in agreement with studies on other
mRNAs (70,71).
We proceeded to analyse luciferase expression from the
A1–A8 mutant luciferase constructs. The constructs were
transfected into C33A cells and luciferase activity was
measured after 2 days. A construct expressing Renilla
luciferase was co-transfected as an internal control. The
results show that luciferase expressed from the A5 and A8
constructs decreased  5-fold compared to wt (Figure 3B).
A reproducible  2-fold inhibition of luciferase activity
was observed for the A3, A4 and A6 constructs. The A1
and A2 constructs expressed similar luciferase activity as
wt, whereas the A7 expression level was reproducibly
increased. Luciferase was expressed in the presence
of the viral Tat protein to activate LTR-driven tran-
scription. Experiments carried out in the absence of Tat
co-expression showed a general 4-fold reduction in
luciferase activity, but we observed the same relative ex-
pression pattern for the wt and mutants (Supplementary
Figure S1).
As the mutational effects could be a consequence of the
sequence insertion and not per se of the introduction
of the start codon, we also inserted control sequences (A
CCUAGG) at all positions. These control inserts are of
the same nucleotide composition as the uAUG inserts, but
the AUG start codon is inactivated into UAG. Expression
of these U constructs was similar to wt (Figure 3C
and Supplementary Figure S2), which indicates that
the change in luciferase expression from A3 to A8 as
compared to U3–U8 is caused by the inserted uAUG
Figure 3. Insertion of uAUGs in the HIV-1 50-UTR differentially affects protein expression levels. (A) Overview of uAUGs and upstream open
reading frames in A1–A8. The A1–A8 reporter constructs encode uORFs that differ in size (indicated in nt). Triangles indicate the positions of the
uAUGs. The 30 border of the uORFs is determined by endogenous stop codons in the HIV-1 50-UTR. The intercistronic distances vary among the
constructs and are also indicated (in nt). The A8 uORF and Gag-Luc open reading frame are overlapping. (B and C) C33A cells were transfected
with wt or mutant luciferase construct and pcDNA-tat. pRL-CMV was co-transfected as an internal control. The ﬁreﬂy and Renilla luciferase
activities in cell lysates were determined two day post transfection. Fireﬂy luciferase activity was corrected for Renilla luciferase activity. Wt
expression levels are set as 1. One of the four independent experiments is shown, error bars indicate standard deviation. (D and E) C33A cells
were transfected with wt or mutant luciferase reporter, pcDNA-tat and pRL-CMV. Fireﬂy and Renilla luciferase activities were determined and equal
amounts of Renilla luciferase activity were applied to SDS–PAGE. Luciferase protein was detected using western blot analysis with anti-luciferase
antibodies. The constructs express two luciferase products: the Gag-luciferase fusion protein (Gag-Luc) and the non-fused luciferase (Luc) protein.
M is mock-transfected cells.
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scanning as a means of translation initiation on this
region of the HIV-1 50-UTR. The reproducibly increased
A7 expression over the U7 control remains to be
explained.
The reporter constructs contain two in frame AUG
codons that mark the beginning of the overlapping
Gag-Luc and Luc ORF (Figure 1B). We assumed that
the Gag start codon was used predominantly. However,
the downstream AUG
Luc could be used upon leaky
scanning over the Gag start codon. Both Gag-Luc and
Luc will display luciferase activity, although the amino
terminal extension in Gag-Luc may affect the enzymatic
activity in an unknown manner. We therefore wanted to
conﬁrm the luciferase activity results by western blot
analysis that separates the Gag-Luc and Luc proteins.
The results are shown in Figure 3D and E.
Expression of the wt construct resulted in a protein cor-
responding to the estimated Gag-Luc size, migrating
slower in the gel than the unfused Luc product from a
control plasmid in which the Gag start codon was
inactivated (data not shown). The A1 and A2 constructs
expressed wt levels of Gag-Luc protein, in agreement with
the unaltered luciferase activity. However, introduction of
the uAUGs at positions 3–8 resulted in a gradual shift
from Gag-Luc to Luc protein expression (Figure 3D).
The shift was caused by the inserted uAUG and not by
the insertional mutagenesis itself as the U control con-
structs predominantly expressed Gag-Luc (Figure 3E
and Supplementary Figure S2). The inhibition of
Gag-Luc expression by the inserted uAUG codons in
the A3–A8 constructs was thus higher than we concluded
from the results of the luciferase activity assays.
It appears that the position of the introduced uAUG
codon has an effect on which start codon is selected
further downstream. A map of the uORFs in the uAUG
constructs (Figure 3A) indicates that the Gag-Luc to Luc
shift was most pronounced when the uORF terminated in
close proximity of AUG
Gag, for instance compare A1 and
A2 with A5, A6 and A7. This Gag-Luc to Luc shift could
possibly be explained by translation reinitiation. This
process has been studied in various systems and its efﬁ-
ciency has been reported to largely depend on two vari-
ables: the length of the uORF and the distance between
the uORF and the downstream start codon. It has been
postulated that upon translation of a short uORF, the 40S
ribosomal subunit can resume scanning and reinitiate on a
downstream start codon (72,73). For this second initiation
event, the intercistronic distance needs to be a minimal
size to allow the 40S ribosomal subunit to acquire the
initiation factors required for a new round of translation
(72). The intercistronic distance differs among the mutant
reporter constructs, varying from 269 to 10nt for the A1
and A5 constructs, respectively (Figure 3A). For the A1
and A2 constructs the intercistronic distance between the
uORF and the AUG
Gag is relatively long, which can
explain the predominant expression of the Gag-Luc
product. In contrast, the AUG
Gag is bypassed in the
A3–A7 constructs with shorter intercistronic distances
because the ribosomal subunit may not yet be equipped
for a second initiation event when it encounters AUG
Gag.
It is not until after scanning to AUG
Luc that the ribosomal
subunit has acquired the translation initiation factors and
can embark upon a new round of translation. This move
to AUG
Luc would increase the length of the intercistronic
region by 81nt. It is not surprising that the A8 construct
does not express detectable levels of Gag-Luc, since
its uORF overlaps with the gag coding sequences.
To express the Gag-Luc protein from this construct,
reinitiating ribosomal subunits must scan in the 30–50 dir-
ection. The data, therefore, strongly suggest that scanning
occurs on the HIV-1 50-UTR from nt 152 onwards, as
construct A3–A8 all reduce translation initiation on the
AUG
Gag.
Extension of uORF1 and 2 also results in effective
inhibition of Gag translation
A second variable of reinitiation efﬁciency is the length of
the uORF (72,73). This could explain why the level of
reinitiation is not similar for all the constructs. The
lengths of the uORFs in the A1–A8 constructs are
shown in Figure 4. The A1, A2 and A7 constructs have
very small uORFs (15–18nt) that potentially allow efﬁ-
cient reinitiation, consistent with the high luciferase ex-
pression measured. The remaining constructs harbour
uORFs of 39–171nt in size that would decrease the
reinitiation efﬁciency substantially. Overall, these data
suggest that the insertion of short uORFs allows high ex-
pression levels of the downstream reporter gene, whereas
lengthening of the uORFs leads to a signiﬁcant reduction.
Thus, efﬁcient Gag-Luc expression by the A1 and A2
mutants could be due to the combination of short
uORFs and long intercistronic distances.
To investigate these parameters, we extended the uORFs
in A1 and A2, which consequently reduced the length
of the intercistronic distance, by fusing these uAUGs
with that of A5, thereby deleting the 50-UTR sequences
in between (A1–A5 and A2–A5 in Figure 4A). A similar
fusion was made between U1/U2 and U5 as control con-
structs. In a separate A2 extension, we inserted a G
nucleotide into the stop codon of the uORF, which
causes a frameshift and extension of the uORF from 18
to 150nt and reduced the intercistronic distance by 132nt
(A2-LF in Figure 4A). For this construct, a U control
(U2-LF) was created. All constructs were analysed for
luciferase expression in a luciferase activity assay and on
western blot (Figure 4B–E and Supplementary Figure S2).
Both analyses are in full agreement. Extension of the
uORF in A1–A5, A2–A5 and A2-LF signiﬁcantly
reduced luciferase activity and Gag-Luc expression, yet
induced the expression of the further downstream Luc
ORF. These effects are not observed with the U control
constructs. These data strongly suggest that translation
reinitiation is very efﬁcient when the uORFs are short as
in A1 and A2, thus frustrating our strategy to determine
the window of ribosomal scanning with the initial set of A1
and A2 mutants. However, extension of the uORF as in
A1–A5, A2–A5 and A2-LF caused a severe Gag-Luc
expression defect. These results are in agreement with a
model in which the ribosome scans throughout the
50-UTR across the position of A1–A8.
5238 Nucleic Acids Research, 2011,Vol.39, No. 12Co-expression of viral proteins does not affect the HIV-1
translation initiation mechanism
We thus far used a reporter construct driven by an HIV-1
promoter and the viral Tat protein was provided in trans
to enhance transcription. In fact, the Tat expression vector
also expressed the Rev protein, but neither protein differ-
entially affected the luciferase activity expressed from the
set of 50-UTR mutants. It could be argued that other viral
factors modulate the translation process. For instance, it
has been suggested that viral factors contribute to a
cellular environment that negatively affects cap-dependent
scanning, either by cleavage of eIF-4G or by induction of
G2-M cycle arrest (50–53,58,59). In order to investigate
whether viral trans-acting factors affect ribosomal
scanning and thus the expression from the mutant
reporter constructs, we repeated the transfection experi-
ments in the presence of the full-length HIV-1 LAI mo-
lecular clone that expresses all viral proteins. The results
are shown in Figure 5 and Supplementary Figure S3.
Co-expression of the molecular clone increased the
luciferase expression by  3-fold, which we attribute to
Tat trans-activation of the LTR promoter (compare
Figure 5 with Supplementary Figure S1). The relative
luciferase expression from the set of constructs did not
change upon expression of HIV-1 proteins. In addition,
virus production was unaltered by co-expression of wt
versus mutant luciferase expression vectors.
Figure 4. The length of the uORF determines translation reinitiation efﬁciency. (A) Extension of the uORFs in A1 and A2 constructs. The A1 and
A2 uAUGs were fused to the A5 uAUG, thereby creating constructs A1–A5 and A2–A5 with an uORF size of 93nt. The U1–U5 and U2–U5 were
created similarly with the U1, U2 and U5 constructs, respectively. In addition, the uORF in A2 was extended in A2-LF by insertion of a G at nt
+123 (shown by an asterisk), which destroys the original stop codon. As a consequence, the uORF length is extended from 18 to 150nt, and the
intercistronic distance is decreased by 132nt. (B and C) Transfections were performed as in Figure 3A and B. One of three independent experiments
is shown. Error bars indicate standard deviation. (D and E) Western blot analysis of the luciferase proteins. See Figure 3C and D for details.
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In this study, we analysed the window of ribosomal
scanning on the HIV-1 genomic RNA by introducing
uAUGs throughout its 50-UTR. Insertion of uAUGs sig-
niﬁcantly blocked translation initiation on the Gag start
codon if the uORF was of sufﬁcient length, independent
of its location. This inhibition was not observed when
UAG sequences were inserted at the same positions as a
control for the insertional mutagenesis. These results are
in agreement with the observation that natural HIV-1
isolates do not harbour uAUGs in the 50-UTR, suggesting
that uAUGs are not tolerated (1). Furthermore, the results
support previous studies that investigated the effect of an
uAUG insertion at a single location in the HIV 50-UTR,
not only in reporter constructs but also in infectious mo-
lecular clones (63,74–76). In all of these cases, expression
of either viral or reporter genes was severely affected.
Unfortunately, the uAUGs were inserted in the
proposed IRES domain (41) and control insertions were
not analysed in these studies. It was therefore uncertain if
the AUG insertions destroyed IRES activity or ribosomal
scanning. The ﬁndings from our study strongly support
the latter explanation.
Western blot analysis showed that insertion of uAUGs
in various constructs (A3–A7) resulted in the translation
of a Luc product initiated at the in frame Luc start codon
downstream of the Gag start codon. This shift in start
codon selection from AUG
Gag to AUG
Luc was not
observed with any of the control U constructs. This ob-
servation strongly suggests that the uORF-translating
ribosomes can resume scanning in these constructs,
bypass the Gag start codon and reinitiate further down-
stream. It has been well established that the efﬁciency of
translation reinitiation depends on the size of the
upstream ORF and the intercistronic distance (72,73,77).
Thus, the constructs A1 and A2 with short ORFs and long
intercistronic distances had to be re-evaluated, as the efﬁ-
cient Gag-Luc expression could be due to lack of riboso-
mal scanning in the region with the inserted uAUGs or to
efﬁcient reinitiation and sufﬁcient intercistronic distance
to allow a second-translation event on the AUG
Gag.
Indeed, when we increased the length of the short ORFs
in constructs A1–A5, A2–A5 and A2-LF, translation of
Gag-Luc was severely reduced in a uAUG-dependent
manner. This observation not only conﬁrms the correl-
ation between ORF size and reinitiation efﬁciency
(72,73,77), but strongly suggests that reinitiation
accounts for the wt levels of Gag-Luc production from
the constructs A1 and A2, and thus support ribosomal
scanning in this region of the 50-UTR. The A7 construct
also has a very short uORF, but it predominantly
expresses Luc, which is likely caused by the short (20nt)
intercistronic distance between uORF7 and AUG
Gag. The
scanning ribosomal subunit is unlikely to regain its full
initiation capacity, e.g. by acquisition of essential initi-
ation factors such as the eIF2–GTP–Met–tRNA ternary
complex, before it reaches the Gag start codon. The
intercistronic distance between uORF7 and AUG
Luc is
101nt and apparently compatible with reinitiation on
the Luc start codon.
HIV-1 infection may affect the translation initiation
mechanism by disfavouring ribosomal scanning. HIV-1
Vpr has been suggested to induce cell cycle arrest which
modestly affects scanning-dependent translation
(58,59,78) and IRES activity in the HIV-1 50-UTR was
shown to be increased in cell cycle-arrested lysates (41).
Alternatively, the viral protease activity can cleave and
inactivate the translation initiation factor eIF4G in vitro
using the recombinant HIV-1 protease (50–52). eIF4G is
essential for cap-dependent ribosomal scanning; it is
cleaved during poliovirus infection upon which translation
of cellular mRNAs ceases (79). However, translation of
IRES-containing poliovirus RNA continues independent
of intact eIF4G (47). A similar scenario has been
postulated for HIV-1 infection (50–52). We thus
co-expressed the HIV-1 proteins from an infectious mo-
lecular clone with the LTR-luc reporter constructs to
address ribosomal scanning under conditions that
resemble HIV infection. Luciferase expression from the
uAUG and UAG constructs was similar with or without
HIV-1 proteins (Figure 5 and Supplementary Figure S1).
Speciﬁcally, the inserted uAUGs inhibited downstream
Gag-Luc expression in a similar fashion, indicating that
the window of ribosomal scanning on the HIV-1 50-UTR
was not affected by the viral proteins. In addition,
co-expression of the poliovirus 2A protease, which efﬁ-
ciently cleaves and inactivates eIF4G (80), reduced
luciferase expression from wt and deletion mutant con-
structs (Supplementary Figure S4). Gene expression
driven by an HCV IRES (81) was increased by
 1.4-fold under these conditions, whereas a control con-
struct in which the HCV IRES was inactivated was simi-
larly affected by 2A protease as the HIV-1 LTR
constructs. In our view, these data strongly suggest that
Figure 5. Luciferase expression is similarly affected by the uAUG in-
sertions in the presence or absence of HIV-1 particle production. C33A
cells were transfected with wt or mutant luciferase construct in the
absence or presence of 100ng of the pLAI molecular clone.
pRL-CMV was co-transfected as an internal control. The ﬁreﬂy and
Renilla luciferase activities in the lysates were determined 2 days
post-transfection. Fireﬂy luciferase activity was corrected for Renilla
luciferase activity. CA-p24 was determined in the supernatant and
was consistent in all transfections (20.3ng/ml average, 2.37ng/ml
standard deviation). The overall increase observed upon HIV-1 co-
expression is similar as upon Tat co-expression (compare with
Supplementary Figure S1). The relative representation of the data set
is shown in Supplementary Figure S3. One of three independent experi-
ments is shown, error bars indicate standard deviation.
5240 Nucleic Acids Research, 2011,Vol.39, No. 12intact eIF4G is required for optimal translation of HIV-1
RNAs and do not support the presence of an efﬁcient
IRES element in the 50-UTR, in agreement with earlier
data (63). IRES activities observed in various mRNAs
have recently been attributed to artefacts of the experi-
mental set up: cryptic promoter activity in the reporter
constructs or aberrant splicing of the bicistronic RNAs
resulted in the expression of unwanted subgenomic,
monocistronic RNAs that were efﬁciently translated via
the ribosomal scanning mechanism (78,82–88). Careful
re-examining of the proposed HIV-1 IRES activity is
therefore much desired (78).
An alternative mechanism for translation initiation
could be ribosomal shunting. Shunting is a discontinuous
form of scanning in which 40S ribosomal subunits ‘jump’
from an upstream shunt donor region to a downstream
shunt acceptor in the 50-UTR thus bypassing stable RNA
structures and uAUGs (89). We showed that all uAUG
insertions affected downstream Gag-Luc production if the
uORF size was of sufﬁcient length. None of the inserted
uAUGs seemed to be skipped by ribosomal subunits via a
shunting mechanism. The results therefore do not provide
evidence for ribosomal shunting on HIV-1 mRNAs.
In conclusion, we propose ribosomal scanning as the
main mechanism for the translation initiation process on
HIV-1 mRNA, not only in the absence of HIV-1 proteins,
but also in the presence of Tat and all other HIV-1
proteins.
This leaves the question of how the relatively long and
structured HIV-1 50-UTR allows ribosomal scanning and
translation of the Gag and Gag-Pol structural proteins.
The 50 TAR hairpin has been shown to inhibit translation
in rabbit reticulocyte lysates in cis, likely by blocking cap
recognition (31). It has been shown in various studies that
length and structures in 50-UTRs are more inhibitory in
rabbit reticulocyte lysates than in cells (90–93). In agree-
ment with this, several host factors have been identiﬁed
that alleviate the TAR-mediated block of translation in
cells (94–96). In addition, the cellular RNA helicase
DDX3 that is involved in HIV-1 RNA nuclear export
(97) was recently implicated in translation regulation: its
RNA helicase activity improved translation of mRNAs
with long and structured 50-UTRs, possibly by unwinding
secondary structure or facilitating ribosomal scanning
(98). This role of DDX3 in HIV-1-driven translation has
not been carefully investigated. A role in facilitating trans-
lation efﬁciency on the HIV-1 50-UTR was recently sug-
gested for RNA helicase A (RHA) also (99). RHA has
already been described as a post-transcriptional enhan-
cer for other retroviral mRNAs (100). Furthermore,
DHX29 has been reported to promote translation initi-
ation on mRNAs that contain highly structured
50-UTRs (101). The involvement of the various cellular
factors in HIV-driven translation is an intriguing topic
that warrants further investigation.
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